The actin-based motility of Listeria monocytogenes requires the addition of actin monomers to the barbed or plus ends of actin filaments. Immunofluorescence micrographs have demonstrated that gelsolin, a protein that both caps barbed ends and severs actin filaments, is concentrated directly behind motile bacteria at the junction between the actin filament rocket tail and the bacterium. In contrast, CapG, a protein that strictly caps actin filaments, fails to localize near intracellular Listeria. To explore the effect of increasing concentrations of gelsolin on bacterial motility, NIH 3T3 fibroblasts stably transfected with gelsolin cDNA were infected with Listeria. The C5 cell line containing 2.25 times control levels of gelsolin supported significantly higher velocities of bacterial movement than did control fibroblasts (mean ؎ standard error of the mean, 0.09 ؎ 0.003 m/s [n ‫؍‬ 176] versus 0.05 ؎ 0.003 m/s [n ‫؍‬ 65]). The rate of disassembly of the Listeria-induced actin filament rocket tail was found to be independent of gelsolin content. Therefore, if increases in gelsolin content result in increases in Listeria-induced rocket tail assembly rates, a positive correlation between gelsolin content and tail length would be expected. BODIPY-phalloidin staining of four different stably transfected NIH 3T3 fibroblast cell lines confirmed this expectation (r ‫؍‬ 0.92). Rocket tails were significantly longer in cells with a high gelsolin content. Microinjection of gelsolin 1/2 (consisting of the amino-terminal half of native gelsolin) also increased bacterial velocity by more than 2.2 times. Microinjection of CapG had no effect on bacterial movement. Cultured skin fibroblasts derived from gelsolin-null mice were capable of supporting intracellular Listeria motility at velocities comparable to those supported by wild-type skin fibroblasts. These experiments demonstrated that the surface of Listeria contains a polymerization zone that can block the barbed-endcapping activity of both gelsolin and CapG. The ability of Listeria to uncap actin filaments combined with the severing activity of gelsolin can accelerate actin-based motility. However, gelsolin is not absolutely required for the actin-based intracellular movement of Listeria because its function can be replaced by other actin regulatory proteins in gelsolin-null cells, demonstrating the functional redundancy of the actin system.
The gram-positive rod Listeria monocytogenes is a foodborne pathogen that is capable of causing serious infections in pregnant women, neonates, elderly persons, and immunocompromised patients. The ability of Listeria to avoid the humoral immune system and cause disease in individuals with impaired cell-mediated immunity is explained by the unusual intracellular life cycle of this organism (26) . Listeria is readily phagocytosed by host cells, including epithelial cells and hepatocytes (9, 11) . By producing the exotoxin listeriolysin O, the organism is able to lyse the confining phagolysosomal membrane and escape into the cytoplasm of host cells (14, 19) . Once within the cytoplasm, Listeria is able to stimulate the polar assembly of host cell actin. New actin monomers are added to the actin filament tails directly behind the bacterium, providing the force for the bacterium to migrate to the peripheral membrane of the cell (17, 21) . Once the bacterium reaches the periphery, it pushes the cell membrane outward to form a projection, or filopodium. This filopodium is subsequently ingested by an adjacent cell, and the cycle begins again. In this way, Listeria is able to spread from cell to cell without ever coming in contact with the extracellular environment.
Exploration of the mechanisms by which Listeria usurps the host cell contractile system is leading to a better understanding of how this bacterium spreads from cell to cell and causes disease. As an added dividend, this new understanding promises to provide new insights into the regulation of actin-based motility in nonmuscle host cells. Although the roles of the host cell actin regulatory proteins vasodilator-stimulated phosphoprotein (4, 13) , profilin (30) , cofilin (3, 20) , and ARPS 2/3 (33) have been explored, there has been little direct investigation of the potential role of actin filament capping proteins in Listeriamediated actin assembly.
Actin-filament-capping proteins play a critical role in the regulation of actin filament growth in nonmuscle cells. Studies of the kinetics of actin filament growth have revealed that the two ends of an actin filament differ in their affinity and exchange rate for actin monomers. Electron micrographs have revealed that in the absence of ATP, myosin heads bind at a 45°angle, defining both barbed and pointed ends. The barbed end has a higher affinity for actin monomers as well as a higher exchange rate than the pointed end (2, 18) . During normal cell motility, actin filament growth takes place primarily at the barbed end (28) . Similarly, barbed-end growth is critical for the actin-based motility of Listeria. Cytochalasin D, a reagent that interferes with actin monomer addition to the barbed end, rapidly and reversibly blocks Listeria-induced actin rocket tail formation, bacterial movement, and cell-to-cell spread (6, 31) . Nonmuscle host cells contain a number of actin regulatory proteins that bind to and block actin monomer exchange at the barbed end. Two of the most abundant barbed-end-capping proteins are CapG (also called macrophage capping protein and gCap39) (12, 24) and gelsolin (35) . Both of these proteins are members of the gelsolin/villin family of proteins (7) . Both proteins are activated by micromolar concentrations of ionized calcium. CapG caps the barbed ends but does not sever actin filaments. Gelsolin, in addition to capping actin filaments, binds to the sides of actin filaments and severs them. This action changes the consistency of the peripheral cytoplasm from a semisolid gel to a less viscous fluid.
We explored the potential roles of gelsolin and CapG in the actin-based motility of Listeria. We found that gelsolin localizes to the junction between the bacterium and the rocket tail and along the length of the rocket tail. CapG was not found in either of these regions. Using fibroblasts stably transfected with gelsolin cDNA, we found that increases in gelsolin levels to 2.25 times normal levels resulted in increased rates of actin rocket tail assembly and bacterial intracellular migration. Microinjection of a constitutively active form of gelsolin (gelsolin 1/2, containing the amino-terminal half of gelsolin) into infected cells also increased bacterial speeds by a factor of more than 2.2. Microinjection of CapG mixed with ionized calcium, on the other hand, had no effect on Listeria intracellular migration rates. These observations suggest that the assembly zone on the surface of Listeria is able to block barbed-end capping of actin filaments by gelsolin and CapG. Furthermore, the acceleration of bacterial motility associated with increased concentrations of gelsolin suggests that this severing protein can enhance actin-based motility, most likely by increasing the rate of recycling of actin monomers into Listeria-induced actin rocket tails or by decreasing the viscosity of the cytoplasm in host cells. Although increased levels of gelsolin can enhance actin-based motility, experiments with gelsolin-null cells revealed that these cells can support normal velocities of Listeria intracellular movement, indicating that gelsolin is not absolutely required for Listeria intracellular motility. This finding demonstrates that other actin regulatory proteins can replace the functional role of gelsolin and provides evidence for the functional redundancy of the contractile protein system in nonmuscle cells.
MATERIALS AND METHODS
Bacterial growth, tissue culture, and infection conditions. L. monocytogenes 10403S, a virulent strain belonging to serotype 1 and having a 50% lethal dose for mice of 3 ϫ 10 4 , was used in this study as well as our previous actin studies (6, 21) . Cells were infected as previously described (21) , with one modification. After the addition of 1.6 ϫ 10 7 bacteria in 2 ml of culture medium to each 35-mm dish containing adherent cultured cells, the dishes were centrifuged for 15 min at 400 ϫ g and room temperature, followed by 45 min of incubation at 37°C. The dishes were then washed with phosphate-buffered saline, and the contents were resuspended in medium containing 10 g of gentamicin sulfate per ml to prevent extracellular growth of bacteria, as previously described (6, 19, 21) . The NIH 3T3 fibroblast cell lines C4, C5, C7, and C8 stably transfected with gelsolin and the LK cell line containing the expression plasmid without an insert were previously produced and characterized by Cunningham et al. (5) . Fibroblasts from gelsolinnull mice and control littermates were also previously characterized (34) . Ptk2 cells were cultured and infected as previously described (21) .
Fixation and staining of cells. Cells were fixed with 3.7% (vol/vol) formaldehyde in phosphate-buffered saline for 15 min at 25°C, followed by treatment with 0.4% Triton X-100 and 1.7 ϫ 10 Ϫ7 M BODIPY-phalloidin (Molecular Probes, Eugene, Oreg.) for 10 min at 37°C. Rabbit anti-recombinant murine gelsolin antibody (provided by D. Kwiatkowski) and rabbit anti-recombinant human CapG antibody (previously shown to specifically cross-react with gelsolin and CapG, respectively, on Western blots) (7, 34) were used for immunofluorescence microscopy, followed by a fluorescein-conjugated goat anti-rabbit immunoglobulin G secondary antibody. Controls with secondary antibody alone failed to reveal any immunolocalization in the intracellular bacteria (data not shown).
Microinjection of monomeric actin, CapG, and a constitutively active gelsolin mutant protein. Three to 5 h after the initiation of infection, at a time when bacteria are moving within the cytoplasm, individual cells were microinjected with Lissamine rhodamine-conjugated actin, CapG, or the gelsolin 1/2 mutant protein by use of a micromanipulator and a microinjector (models 5171 and 5242, respectively; Eppendorf, Hamburg, Germany) as previously described (25) . The temperature was maintained at 37°C during microinjection and observation by use of a warming block (MS-200D perfusion microincubation system; Narishige, Tokyo, Japan). Actin was purified from rabbit skeletal muscle by the method of Spudich and Watt (27) and labeled with Lissamine rhodamine-conjugated actin as previously described (21) . Recombinant CapG was expressed and purified as previously described (23) . The recombinant gelsolin 1/2 mutant protein cDNA was generated by PCR with human cytoplasmic gelsolin cDNA as the template. A premature stop codon (TGA) was introduced immediately after nucleic acid 1206 (corresponding to amino acid 370), and the truncated product was inserted into the pET12a vector expressed in Escherichia coli BL21 bacteria as previously described (23) . The starting protein sample was loaded onto a hydroxylapatite chromatography column containing 10 mM potassium phosphate buffer (pH 7.0) and then eluted with a 10 to 120 mM potassium phosphate gradient. The protein eluted at the halfway point in the gradient as a single homogeneous peak. The recombinant truncated protein representing the first half of gelsolin was tested for severing activity by use of the pyrenyl actinfilament-severing assay (23) and found to sever actin filaments in the presence or absence of ionized calcium (32) (see Results).
Microscopy and image processing. Cells were observed by phase-contrast microscopy with a Diaphot inverted microscope (Nikon, Tokyo, Japan) equipped with an image intensifier and a charge-coupled device camera (Dage-MTI, Inc., Michigan City, Ind.). Digital images were obtained and processed with an Image-1 video image analyzer (Universal Imaging Corp., West Chester, Pa.). Actin rocket tail lengths and bacterial speeds were determined by use of a length measurement analysis computer program (Image-1; Universal Imaging Corp.) calibrated with a Nikon micrometer. Differences between the rates of migration and tail lengths in the various cell lines were analyzed with the unpaired twotailed Student t test or by Wilcoxon nonparametric analysis.
For measurements of the rates of disassembly of the actin rocket tails, Listeriainfected cells were microinjected with rhodamine-labeled actin monomers, followed by 15 min of incubation to allow the labeled actin to fully incorporate into the tails. Fluorescence images were captured digitally every 30 s. The relative fluorescence intensity of an area (4 ϫ 4 pixels) directly behind the bacterium was analyzed in the initial frame, and the decrease in relative intensity was monitored over approximately 3 min by use of the area brightness function of the image analysis program. The relative intensity of a similar area (also 4 ϫ 4 pixels) on either side of the tail was also measured, and the two values were averaged and subtracted as background from the relative intensity of the tail.
RESULTS
Immunofluorescence with antigelsolin and anti-CapG antibodies. When PtK2 cells were infected with L. monocytogenes for 4 h, immunofluorescence staining with a highly specific antigelsolin antibody (see Materials and Methods) demonstrated strong cross-reactivity at the back of the bacterium, in the region of new actin filament assembly (Fig. 1A) . Weaker immunofluorescence staining was also observed throughout the length of the rocket tail. Antigelsolin antibody staining was always apparent when actin filament structures were concentrated behind the moving bacteria. In bacteria that had not yet begun to form rocket tails, gelsolin was found to be localized at one end, suggesting that polar localization of gelsolin may precede the polarized assembly of actin filaments (Fig. 1B) . Anti-CapG antibody failed to stain rocket tails or regions near the intracellular bacteria (data not shown).
Velocity of migration of Listeria in gelsolin-transfected and control fibroblasts. Because gelsolin and not CapG was shown to concentrate behind moving bacteria, we chose to explore the effects of various intracellular concentrations of gelsolin on Listeria intracellular movement. For this purpose, we used NIH 3T3 fibroblast cell lines stably transfected with gelsolin cDNA and expressing various concentrations of gelsolin, from 1.25 to 2.25 times control cell concentrations. The rate of Listeria intracellular migration within an individual cell varied considerably over time (Fig. 2, right) , a condition which made detection of subtle differences in migration speed difficult. Therefore, we chose to compare only the migration speeds in cells with the highest gelsolin content (C5 cells, with a 2.25-fold increase) and cells with a normal gelsolin content. As shown in Rates of depolymerization of actin rocket tails in fibroblasts containing normal and increased levels of gelsolin. The increased velocity of Listeria motility in C5 cells suggested that gelsolin increased the rate of assembly of actin rocket tails. We were also interested in determining if the rates of disassembly of the rocket tails were affected by changes in gelsolin content. By microinjecting rhodamine-labeled actin monomers as previously described (21) and capturing images at 30-s intervals, we were able to measure the rates of disassembly of actin rocket tails in control cells and C5 cells, containing a 2.25-fold increase in gelsolin content. As shown in Fig. 3 , the rates of rocket tail depolymerization were not statistically different in the two cell lines (mean Ϯ SEM actin rocket tail half-life, 46.7 Ϯ 3.5 s for C5 cells [n ϭ 9] versus 40.5 Ϯ 4.5 s for control cells [n ϭ 4]; P ϭ 0.4).
Actin rocket tail lengths in gelsolin-transfected and control fibroblasts. The rate of assembly of the actin rocket tail closely correlates with migration velocity (21) while the rate of disassembly remains constant in PtK2 cells (21, 29) and in gelsolintransfected NIH 3T3 fibroblasts (see above). Therefore, the actin rocket tail length reflects the mean velocity of Listeria intracellular migration. The faster the migration speed, the longer the tail length. We used this characteristic to compare the average speeds within the different permanently transfected cell lines. Rocket tail lengths were significantly longer in Listeria-infected fibroblasts with a high gelsolin content (C5 and C7 cells) than in control fibroblasts, in fibroblasts with a slightly elevated gelsolin content (C8 cells), and in fibroblasts with a moderately elevated gelsolin content (C4 cells) (Fig. 4 and 5) . A close positive correlation (r ϭ 0.92) between mean rocket tail length and relative intracellular gelsolin content was observed (Fig. 5) .
Effects of microinjection of gelsolin 1/2 protein and CapG on Listeria intracellular motility. To further explore the functional consequences of increasing the intracellular concentrations of gelsolin in wild-type PtK2 cells, a constitutively active truncated form of gelsolin containing the amino-terminal half (gelsolin 1/2; see Materials and Methods) and capable of severing and capping actin filaments in the absence of micromolar calcium (32) was microinjected into Listeria-infected cells. We did not use full-length gelsolin because the wild-type molecule requires 10 to 100 M ionized calcium to form an active complex capable of severing and capping actin filaments in vitro (1), calcium concentrations far in excess of those usually found in the cell. The kangaroo rat renal tubular epithelial cell line PtK2 was chosen for these experiments because of the ability of these cells to spread and flatten on glass coverslips, allowing the migration path of Listeria to be easily monitored ), indicative of actin filament severing (data not shown). The rate of actin filament disassembly was directly proportional to the number of free filament ends. Severing increased the number of ends and most readily explained the observed acceleration in actin filament disassembly. The ability of gelsolin 1/2 to sever actin filaments was comparable to that of full-length gelsolin, which, in the presence of ionized calcium, accelerates actin filament disassembly at nanomolar concentrations (23) . Microinjection of an estimated intracellular gelsolin 1/2 concentration of 4 M (needle concentration, 40 M), well above the K d for filament severing and capping (estimated to be in the nanomolar range based on our depolymerization experiments), failed to inhibit Listeria intracellular movement. Rather, introduction of the gelsolin 1/2 protein caused the velocity of Listeria intracellular movement to more than double ( Maximal increases in velocity were observed 150 s after microinjection, suggesting that some time is required for this protein to be appropriately incorporated into the actin cytoskeleton. The effects of increasing the levels of CapG in PtK2 cells were also examined by the same technique. An estimated intracellular ionized calcium concentration of 1 M was introduced simultaneously to ensure maximal CapG activity (36) . Introduction of an estimated intracellular CapG concentration of 4 M (needle concentration, 40 M), far exceeding the K d for capping (0.5 to 1 nM) (23), had no significant effect on the velocity of Listeria intracellular movement (Fig. 6) . Introduction of the same concentration of calcium alone also had no effect on Listeria motility.
Migration velocities and actin rocket tail lengths in gelsolinnull and wild-type mouse skin fibroblasts. To determine whether or not gelsolin was absolutely required for the actin-based motility of Listeria, skin fibroblasts cultured from gelsolin-null and (Fig. 7) . It is of interest that both the mean velocities and the mean tail lengths of these mouse skin fibroblasts were considerably greater than those observed with both control and gelsolin-transfected NIH 3T3 fibroblasts (mean velocities, 0.05 to 0.09 m/s; mean tail lengths, 6.9 to 9.5 m/s), indicating that the relative concentrations of free actin monomers and actin regulatory proteins are likely to be considerably different in these two cell types.
DISCUSSION
L. monocytogenes requires a force-generating motor to move within host cells and to form membrane projections called filopodia. These motile processes allow Listeria to spread from cell to cell without coming in contact with the humoral immune system. The ability to spread intracellularly explains many of the unique clinical characteristics of listeriosis, including the predisposition of the etiologic agent to cause disease in individuals with defects in cell-mediated immunity (26) . Listeria generates the force for intracellular movement by assembling an actin-based motor. The bacterial surface protein ActA is capable of inducing the growth of new actin filaments directly behind the moving bacterium, causing the formation of an actin rocket tail that can be seen by phase-contrast microscopy in flat tissue culture cells, such as PtK2 cells, or by fluorescence microscopy (BODIPY-phalloidin stain) in thicker cells, such as fibroblasts and macrophages. New actin monomers are added at the junction between the bacterial cell wall and the actin rocket tail, defining a discrete polymerization zone (21) . The elongation of filaments within this zone serves to drive the bacterium forward, the older, anchored regions of the tail providing the traction for directional movement. A number of actin regulatory proteins, including vasodilator-stimulated phosphoprotein (4), profilin (30) , and ARPS 2/3 (33), likely to play roles in stimulating actin assembly have been found to concentrate in this polymerization zone. We have shown that gelsolin is also concentrated in this same region, suggesting that this barbed-end-capping and actin-filament-severing protein may also play an important role in regulating actin assembly in the actin-based motility of Listeria. Gelsolin has been demonstrated to be localized diffusely throughout actin rocket tails in XL177 cells (20) ; however, to our knowledge this is the first demonstration that gelsolin is focally concentrated at the bacterium-actin rocket tail junction. Furthermore, we have found that gelsolin is concentrated at one end of the bacterium prior to the formation of phase-dense actin filament rocket tails, suggesting that under normal conditions, this protein may participate in the early biochemical events required for the actin-based motility of Listeria.
To further explore the in vivo function of gelsolin in the generation of actin rocket tails, we examined the actin-based motility of Listeria in several NIH 3T3 fibroblast cell lines that were stably transfected with human cytoplasmic gelsolin cDNA. These NIH 3T3 clones have been shown to produce various concentrations of human gelsolin, ranging from 1.25 times to 2.25 times control cell levels (5). The rate of chemotaxis of these transfected cells was previously shown to directly correlate with gelsolin content; i.e., the higher the gelsolin content, the faster the rate of chemotaxis. As was observed in previous studies of normal amoeboid movement, cells with a higher gelsolin content supported higher mean velocities of the actinbased motility of Listeria. Because fibroblasts are relatively thick and the bacteria frequently moved out of the plane of focus, observation of Listeria by phase-contrast microscopy was difficult. Velocity measurements also tended to be inaccurate in these thick cells because distances of movement over time could be measured only in a two-dimensional plane. Furthermore, Listeria intracellular velocities vary considerably, making comparisons of mean velocities difficult over the short time frames of our experiments. Taking into consideration these limitations, comparisons between control cells and those with a 2.25-fold-higher gelsolin content did reveal statistically significant differences in velocity, cells with a higher gelsolin content moving twice as fast as those with a normal gelsolin content (Fig. 2) .
To more accurately assess the mean velocities of Listeria in the different fibroblast clones, we took advantage of the kinetics of actin rocket tail assembly and disassembly. The rate of actin rocket tail assembly has been shown to vary with the velocity of intracellular migration, while the rate of disassembly of the tail is constant throughout the tail and is not dependent on the speed of movement (21, 29) .
Experiments with rhodamine-labeled actin monomers confirmed that changes in gelsolin content did not detectably alter the rates of disassembly of rocket tails (Fig. 3) . Therefore, tail length would be expected to directly correlate with bacterial speed, and this assumption has been confirmed experimentally (21, 29) . Measurement of tail length can serve as a way to time average bacterial migration rates. During fixation, fibroblasts tend to flatten, allowing an accurate two-dimensional assessment of tail length following BODIPY-phalloidin actin filament staining. Using this assay, we found a close positive correlation between gelsolin content and actin rocket tail length; i.e., the higher the gelsolin content, the longer the actin rocket tail (Fig. 4 and 5) . The relationship between tail length and gelsolin content was linear. Curiously, extrapolation of the data in Fig. 5 to 0 gelsolin content predicted that Listeria would be expected to continue to form rocket tails in the absence of gelsolin. Furthermore, recent experiments with Xenopus extracts demonstrated that depletion of gelsolin had no effect on tail length or migration rate. However, these extracts contained concentrations of EGTA that maintained ionized calcium in the submicromolar range, a condition that prevents gelsolin from binding actin (20) and that makes any conclusions concerning the role of gelsolin in rocket tail formation in these experiments suspect.
To explore whether or not gelsolin is absolutely required for the actin-based motility of Listeria, the velocities of intracellular migration and the actin rocket tail lengths were compared in skin fibroblasts derived from gelsolin-null and wild-type littermates. No statistical differences between the two cell lines were observed, indicating that gelsolin is not absolutely required and that knockout cells are capable of chemotaxis. These observations raise the possibility that gelsolin may not be absolutely necessary for the generation of an actin-based motor but may instead serve to modulate the motor by accelerating the rate of actin filament assembly. It is also possible that gelsolin-null mice compensate for the loss of gelsolin by upregulating the expression of other actin-filament-severing and -capping proteins. The actin regulatory system contains multiple proteins with redundant functions, and this condition provides an important survival advantage. A similar redundancy is observed when various T-cell subsets are knocked out. Mice lacking a T-cell subset demonstrate "normal" immune responses to infections with intracellular pathogens, indicating the compensatory potential of the incomplete immune system (15) .
Although gelsolin is not absolutely required for Listeria intracellular movement, our experiments with NIH 3T3 fibroblast cell lines that overexpress this protein indicated that gelsolin serves a facilitatory role in the actin-based motility of Listeria. Further support for this conclusion is provided by our microinjection experiments with PtK2 cells. These kangaroo rat renal tubular epithelial cells spread extensively on tissue culture plates, providing a very flat substrate for Listeria motility studies. Intact gelsolin requires 10 to 100 M ionized calcium to form an active complex capable of severing and capping actin filaments in vitro (1), concentrations far in excess of those found in the cell. Therefore, we took advantage of the gelsolin 1/2 mutant, which has been shown to be calcium insensitive; i.e., the molecule is active in the presence of submicromolar as well as micromolar ionized calcium (32) . As evidenced by the in vitro pyrenyl actin-filament-severing assay, we were able to successfully generate calcium-independent truncated gelsolin using recombinant methods (data not shown). The gelsolin 1/2 mutant is constitutively active and, when introduced into infected PtK2 cells, increased Listeria velocity by more than 2.2-fold (Fig. 6) . Thus, increasing the intracellular concentrations of gelsolin in intact cells by either overexpression or microinjection results in the acceleration of Listeriainduced actin filament assembly and intracellular motility.
The exact mechanism by which gelsolin participates in the assembly of actin filaments during Listeria motility remains to be clarified. The functional versatility of gelsolin makes this determination a particularly daunting task. Gelsolin is thought to play a critical role in recycling actin monomers and regulating the length of actin filaments as cells move (28) . Our experiments comparing the effects of introducing CapG and gelsolin by microinjection provide some preliminary insights. CapG is structurally similar to gelsolin but has no actin-filament-severing function. This protein had no effect on Listeria motility at concentrations 1,000 times the apparent capping constant. Gelsolin, which both caps and severs actin filaments at similar concentrations, accelerated Listeria movement, indicating that severing is likely to play an important role in potentiating actin-based motility. The major effect of actin filament severing is to lower the viscosity of the cytoplasm, a condition that would be less resistant to bacterial movement. The severing action of gelsolin would not be expected to alter the architecture of the actin rocket tails because these actin filaments are bound with tropomyosin (6) and tropomyosin is known to protect actin filaments from gelsolin severing (8, 10) . Unlike cofilin, which accelerates the rate of disassembly of actin rocket tails (3, 20) , gelsolin was shown in both in vitro experiments with Xenopus extracts (20) and our own studies with Listeria-infected NIH 3T3 fibroblasts not to accelerate the overall rate of disassembly of actin rocket tails. The results of these experiments are consistent with the conclusion that gelsolin acts primarily on actin filaments not incorporated in the rocket tails. In order to accelerate Listeria intracellular movement, actin filament severing would be expected to take place primarily at the front of the moving bacterium; however, our immunofluorescence experiments and others (20) demonstrated that gelsolin is most highly concentrated at the back of the motile bacterium. Actin filaments that form behind the moving bacterium have their barbed ends oriented toward the back of the bacterium (22, 31) ; therefore, gelsolin is likely to play a role in regulating the growth of these actin filaments.
A most surprising finding was the inability of gelsolin and CapG to block Listeria-induced actin filament assembly at intracellular concentrations 1,000 times the capping constant for both proteins. If these proteins had capped the barbed ends of the actin filaments directly behind the bacterium, the actinbased movement of Listeria should have ceased. Our findings indicate that intracellular Listeria is able to prevent gelsolin and CapG from capping the barbed ends of actin filaments growing behind the motile bacterium. Previous quantitative analysis of the concentrations of monomeric sequestering proteins and monomeric actin in Xenopus extracts indicated that the majority of barbed ends are capped. This finding led to the suggestion that Listeria may induce actin assembly in such extracts by uncapping the high-affinity barbed ends (16) , and our experiments support this model. The barbed ends have a higher affinity for actin monomers than for the host cell monomeric sequestering proteins, and uncapping of the high-affinity ends of the actin filaments would allow the addition of new monomers and elongation of the filaments. The inability of microinjected actin-filament-capping proteins to block Listeria-induced actin filament assembly supports the existence of a polymerization zone on the surface of intracellular Listeria. This zone must block or minimize the capping of actin filaments. Recent electron micrographs (22) demonstrated that rocket tails induced by Listeria consist of long actin filaments lined up with their barbed ends facing toward the bacterium. This observation raises the possibility that preformed actin filaments present in the host cell cytoplasm may become uncapped on entering the polymerization zone, and these uncapped filaments can then serve as templates for the addition of new actin monomers. The existence of a discrete polymerization zone containing highly concentrated actin regulatory proteins at the surface of the motile bacterium has also been suggested by the recent biochemical studies of Kang et al. (13) . The mechanisms that allow this zone to block barbed-end capping by gelsolin and CapG are likely to play a critical role not only in Listeria pathogenesis but also in filopodial and lamellipodial extension in normal host cell movements.
